
. -:=
-, = u..

— —-2

;—

—. .-. _
.<- = =
❑ ✎✝✎✎✎✎ ✎ ✝V=_

--=—.=:.-:;==-===
--
.>

--

-—.

——-
=.. =

-x =

——

-,.
-..= -:

z=----~..- -

.:..-:
=-=. .,<==_.—.

: :.=- —



= --”

- “-.
-.=-m
= —-

--—..—.-
./- :

-.
c

-. . .
=

—--=,-—.

‘-
n
. .

.
..,-

-.-. ___ - --,--;=—.
—L. z

——

:-.
—

z

=,,-

_-----.<?.  -—z
n.._

=.-



/’

?.:{. ‘I}il(’l: ill{,. MillillliY(’1

III  tlli<]);ll[i((ll;]l  11111, tll(’ ]llilliliti/(] f,,ill’(’tll(’  I’cllll(’h (l f17, I  18) ;1’ tll(’ (“(111(] (If ]ot:!li(~fl illl(l -[).( ;()[)1 ];l(li;ltl, ;111(1

J .It<’f?< l;~(li;llis i! (11(>  ;lll\,,l(+ of  loli)(iol).  ” ll]ili:]lly, tll( lillll{l;l  \.il  il(ljll.,l  ((1  1(1 I)]it){,,  (}1( (’(>111(1 of t~)l:ltio]l  II(ill 1)1(’

[(,11  ((,1 (If t}l(. illl:i{’,( i l l  (1(;(1, 1?[)). ‘1’11(’ (’](1(1(’1)’  111( ’:l\lll  L’(1  ;: II{  ’,11’-  (If  l(ltilti(lll  }’:(’1($ -(IL??  l:i(li;lll<  ?111(1 -J,18Y  t;l(liillls.
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l’ip,(]t(’ ‘1: (I(llllJ)llt((l  (’(+lll(S1  of l(lliltioll (1]1  t]l( [,,illl~},( 11;1(1:{,,101111(]

ill  III(L  ]Iorl-llllif’()]  I I I  lviCl<~’,lolllI(l  fI(IIII  co]l(]l)lill[,,  tlI(L  Sllif;ln,  fip,Ilt(  (Iili(](,ll(w

011(( III( III( c(IIt(l  atI(l  tlI( alIf;l(s  of I()(;lti()]l  :I]c  III(,VJII, 111(  Slllfil(’(  fi!,,lll(:j (’illl 1)(  S(~l\,((l  Ilsillf,,  ;Illy ]):lit  of tll(,
((]lt:!tiolh~  ,$()  ‘/) lif, ,$] : 11’I’/j lij ;111(1 ,91) : Ii:,’/} )if. }l(l\c(V($)  , ;IIIJ’ Sllili  [’,11(  fo[\\ill<l :: 11(,111]){  10 [lo S[)
i~ Y(’1)’  lik(ly  1(I ](x(II1  ilI 111:11  Iy sitlf’)lll:ltili(s tll:lt ]I1(VIII( tll(w flotil IJ(illf’, Iis((l (Iit(,(tly ill :1 lill(;l)  (,(]l];itio]l  MIIV(,I
lik(  (;illl>~  .I(ll(liill  (lilrlil):llio]l. 011[  of 111(  l(:I\()]l\  fol  tlli.l  i s  1}1( SIII<III.  Sill{  ’,(]lill  II(i[,,l]l)[)]llo(][l  :I1(I(ITI(I  !}I( ((11((,]  of
](Itali(If  I. }\llo(}l(t  ]{’;ISOII  is tlI(I (Isist(ll((’  of clos((i  l(I(I]w  ill  tlIf ((jll:ltio]]s  (I L](s to illt(,[,j,]  ])iy(l lo(.;]ti  oris”  aII(l lilrlit  (xl
]J]c(isiol)  ]]ix(l  Villll(S.

111 fil((, 111(S[  (lOS(s(l 1[)()])S  (’ill)  11(  tilli(ll  :l(l\’illl(il[,,[  (If  llJ’  filhl S[)l  Yilljl,  fol il Sllliill SllllS(i(  of ])oill(s  1).;ill[,,  :111  tlll((
(;  III(I  ]1101(  I]sil[{,,  ;]110111(]  (li]l~l  S(t) (Tq(l:,lio]ls.  ‘1’11( ](s( of t}l( ])[)illls  v:llicll  (10  II(lt li( 01,  ;, (1(,s((1  l(,oj) ill(  SO1,  ((] fol
sill  Is((lll(,  ]Illy.  ‘1’llis  1);11(  of  t}l(  ill{,,  (lli(lllrl  i s  ((lll(lItly  Ixi]l[,,  itiil)l(]ll(l)((,(l. ‘J’11( l(\llll  S of  this :111(1  tll( tlilll Sl;l(iol]

(I((oll!roliltio]]  \\ill  II(’  ](SII(II  ((’(1  ill  a s\ll  M,(jII(,  IIt  1):11)(1

‘1’11( (I(l:iil(,(l  ()~l(lilti()ll  ()[ III(,  :)1) S(111)1(  IIl(,t]c)loj,,y  p,:ll]{,,( i s  (I(>,(fil)(,(l  itl ;1 ])l(vioUS  ~)il])(l  ‘{. II) Ivll;lt  f(,ll(]lrs, 1

w i l l  (l(,s(lil)(~ tlI(J ]II(~:l~;(ll(~lrI(lIl:)  })(J]lo]IIIr(l  I]sill{,,  this [,,;III},,(,, (~llll(lltl  ),, t]l( {,,:111[,,[  olI(l;lt(S irl still ;Li]. ‘1’JI( :;] I(((]
of lip,llt  ill V: ICI II ITII  i s  11s(!(1  1(J  (( It II])  IIlf I tltr :IlholLIt(L  l(i({,,ll is. ‘1’liis  (: II IS(5  :1 sIr  I: Ill  sys[(l]lali(.  (IJ(II  i]l  t}lf  l(II[,,tl  Is

tlI(lIIS(l\-(,S,  lILlt  i[ (10(s lI(Jt  ]ItcwlIf  a ])lolIl(rII  iIs  tlI(’  p,all[’,(  ](lx:)l:ll)ilit)  i s  lvitllitt  ()(11  s~)[’(ifi[:ltiorls.  II I  S~I;IC(,l  ttlc

(,ll]llill;iti]l{,,  lllis  sy:;gI,;III~I,,I  ojI(,  I; 11(,  s i!] lw(.11111]1, t(,]ll;  llir  (IJ(I]  ;Ilt(I[,,([l  I(I. ‘1’11( (l(Irl(lll  Sl]iliioll  lvill  1)( ]Ilov[’(1  it)(()  i]

\’il(’1111111  (,]11’(,1(1]~(~ (Ili]irl[,, 111(, ((]]]li]l[,, y(:)].

3.1. li(, f’(.1{,11(’{$ (klviiy 1,{,11[,, {11 Nfl(,:lslll(.lll  (.llts

l’i{,,.  L S} I(I;VS tlI( ()])tically  col]tact((l,  lii~,ll  fiII(ss(,  1:111~ ](f’LLI(II(( C:lvity  lI(Ifol(, it lv:i~  itlst:[ll(vl ill tlI( C:lIity  OY(,II

;Iw(~IIIl)ly.  ‘J’}  1(1  v(~t  tical  (l~llli  SII;I(l(, ill  tll(~  ]lli(l(ll(~ i s  1)10(  111((,(1  lIy tlI(, s] IIall  Vctlt  II(II(J  (llill(, (l illlo  t}lc l)(I(ly of 11](,
(’il\Jity.  ‘1’11(  ] Lll(l  i s  IIl;llli((l  ill it)(li(,h.



l“ip,lll(’ :): ‘J’}lc l(f(’1(11(’(  (’;l\’ity

,.

l’i{,,~ll(  6: ‘1’}1(  (.:lvity  ()\(III



300 1*
i’ 4 y, I “r:’” J i
:.
:1 ?()() I l \ I

I,,,,’ ,.,,(,(,:,!

I
-?()(3  I I II I I 1

(1
r., 1(1 15 20 2:)

t Llllls

1 ‘ip,. 6 slIows t II(’ Cavitj’  OV(lI aSs(’l  IIljlJ  lvill]  i~s C(J\r(’1  l(lIIcIvL’(1.  ‘J’11(’  C;ilily  is sIIsj I(IIIdc(l  il]si(lr tlI(L ((,11],(1  ci]ltist(,]
a( tlI(’ lo]). ()]1(1 (Jftt]c  IIc;ltct  }I;I(IS 011 III(  ca]listc]  i s  lisil]l(’.  ‘J II(I o])tic:ll ci]((]lato], tll(’  ]lllO1O(l(l(’(’[ (11” :Iwlllt)l)’  all(l
t)I(’ II I(Kl C ]rlat(}]ill~,  lcIIs }IOI(l(V  ()(.culry  tlI(’ ][]i(l(ll( scTtioII. ‘J’11(’ 1)01( ()!11 s(,cti(~l,  IIoll<(h t}l( fiv( axis fi})(l lilllll(”ll(’f

aw, II II Ily. A six iIICl I I II I(J] is r(~stifl~, alo]Ip,  tll(’ c(l[I,(I (If 111(1 I “ illll(~l  (iialll(t(~]  1)()( (()111  (’(111(1:11  flilllf’,(.

:{.2.. Sill]lllt.;lll(,(llls [hvi(y l,(~IIctlI aII{l  AIwwIII1(’  l)istallcc hfl(,;IsIII(,II I(IIt. s

l’i{’,.  1 1  slI(nvs II I(L:I+III  (> II I(II1,S  of tfI(  :Ilwllltf (Iistarlcc  oll(’ aflcl :Irl(ltll(t \vitl] ill]j~l(nd 18s(’] st:ll)ili?:ltio]l a]l(l

al)solllt(, {I,;III{;(’ c(~cl(’. ‘J’11(, II I(La SIII(d  ICI  III, (II VIAC+  lI(LI(l  m]ls[ailt  Ilsill[’,  :111( 1111(’  I )cla(iv(,  ]11(,  t]olo:,y”  fI,;IIIf,,(~  l)(~t,  w(,cII  tllc

Sill ll(, (’olfl(~l  (,111)(+. ‘1’11( (lihl[\71c(  ]It(,[ls(l](lll(,llt  i s  ](,})C;  I1;  IIJIC  t o  2 ]Iii(]()]ls  ]IIIS.
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011 liv( it iOllS. ‘1’11(’

‘J’tl((lcsip,ll  usmt]lc ])wvimsly  (Icvclol)d  ‘ 2, lirlcal  1( ’latiw  lIIct Iolop,y ~,au~,(,. ‘J’11( il]ll)]c)l’elrlc]lts to tllc  lirl(al
P,:IuP,(,  illclud(’ :111  all-li}wl distlil)uiioll  systcIII alId t)uilt-  ill  ditll(,lillp,  OII a tllcll[lally  s(:tl IIc Imw. ‘J’IIc  )Ilodl]latioll
sys((~I II is tlIc  SaIIIC as tllc  OIIC usd ill t}]c almlutc  II Ic(. Iolo~,y P,:IuII,(’. ‘J’IIc crltil(,  ~,aIIf,( (H ICC a~,:lirl  is c(HIs(ILIcted

011 a sPisIIIic:Illy  isol:ited  o])tical l)lcfidlmaId illsidc tlIc foul fc,rt, v21cul IIII cl Ial IIlwI.

“J’l,(p,al]p,cis  d]ivc], l)y ollcof  tllc  stal)iliw(l  lasc]st}lat  also furjclio]ls  ill tltc:~l)sc)ll)tc~,:l~lp,c. ‘J’11(  filwlsl)lillp,
tII[, lIC((>I()(lyIIC  lwaIIIs to tll(’ 3-ditllellsioI)al  p,aII~,(: lMSC tal)lc.  A  2 lIy L film  sl)litt(r  ~,rll(latcs  al] tllc  laso  }waIIIs
11( ’( ’(lc(l  fol Lllc fiv(! IIwlds.

‘J’1l(’  lrIc:Is(lr  cl II(,IIt  coIIIcl  culIri  S lIIout  Itd 011  [I r)ic?()~lcctli cfl(’xlltd l[l()lll)t  :11)1)1  oxilll:itr  ly3Eiillcl)(s  alvay  flo]ll
tll( su]Icr  illval  tal)lc. ‘J’flis II)oullt  i s  used to lIol(l  tl]( (list:~flce  lIctwwII  t}Ic c(,IIt  Ial lIca(l  aIId t}](  111( ’asur(’IIIcIIt

(WIIICI  cul)c  collstallt.  It i s  also us(:(l  to (} IaTIp,(  this (list allcc  l~r(di(tal)ly  [I II(I accu Iatcly.

‘I’l Ic iliitial  tests of Lll(’  sys((,III  Cor]sist  of IIleasutitlr, tll(’ ( ’10S( ’ (1  1(K)])  ]1(’lfolIIIallCc”  Of tlIc  lllc:[sulc]llcllt  (0111  (’1
cul~(, s(,Iv[) syst(v II aII(l dct(’llllillillp, tlI(L hackir]f,  CIIOI lwt\vc(II arty  ]]ail  o f  11(’a(ls  ill ail, Ivitllout,  Scis]rlic  isolation)
<Iii cl]t](,]lt  (la II I]w Is m srlf-itlt[,]fc]cllcc  cal](cllat,im]  to /,(’t a l~asclillr  Set, of data  1)(  ’folc  IIiovillp,  it into tllc  WI(,LILI  III
(V IV[’10}1(’.

I,’if,.  l[)sl  Ic)JvsoIIcs  ccoII(l”  :~~cl:ip,csc  lftll(:s  c]lo(’llol” sip,ll:ll  c) ft}l(lltc:lslll(  ’rll(llt  colIIcl  C(I1W Sclvosysto])  uII(lcr
tll(’ (x)ll(litiolls  (1( ’sc]il)d  al)ow. ‘J’llcl (si(l(l:lljittc]  iszlllo~lt[i{)])lll  lIIIs. 'J'llellrlityp,:  \ili()scill; itic)llf  l((](lcflcy()  ftllis
WIV() is  444 IIz,. ‘J’lIC  S(TV6CI,IOI  si~,tlal  is saIII])lc(l  at 4(196  IIY, aII(l  f(wll)ack  is a]]])  lic(l tlIIOII~,lI a silll])lc illt(:p,tator.

l’i~,.  lfislloivst llct];  ickill~,[]lc)l  l)(t\\'ccllt  \v()lle:i(lS\  \'llcllt  llclllc:]$(llc  Illellt,c()lIlcl  c(l})ei  sl[lc)~,c(li  ll; l~:l])i(l~y~]c
to cal Iccl  out tllc  Cflcc[s of ail tull)ul(’lice a)Id  p, Iou IId vil)latio~ls. ‘J’II(L sclvo  is lIIad(:  to oscillalc at its u))ity p,aill
flcqucllcy.  ‘J’IIc ]wak-to-l)cak  all)]  )litud(:s  oftll(  lllc)timls  (Ictcc[(d at cac]i lIcad  a t  CIFCIy  IIalf cycl(, oft,}lc oscillatio~)
i s  (OIII})aIC(\ Lo cadi  otlI(’I.  ‘J’})c ]atio of t}lcsc ]wak-to JN:ik  :Iltl])litu(l(s  is c(nlslallt  aTI(l it is a ful}(,tiol) of t}lc  aII~,lc
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l’if,.  1 ’?  slIolKs  a IO 111111  v i s u a l  (Iialr]ctcr,  IIC:LIIY  GallssiaTl  law l)w IIII lvitll  a lvaYclcII~,tlI  o f  6 3 3 1 1 1 1 1  il[ll)i]l~,illp,  C)II a

2 “  Clcal  a~mtul”[’,  few’  al’c-s(’colld O1’lllogowdity,  A/10  mcll Smfacefip,  urc,  Opcll-fa(d  Col’llcl Cutx’.

lip,.  18  slIows tllc xcturIid  txwIrl  fIOIrl  L}IC  SaIIIc Colll  cl’ C{ltlr  IIcally  1 . 5  lllctc!Is au’ay. ‘J’lIC lWaIII looks like
aIlyt}lillp,  I)ut a (+aussia I1. III tlIc  3-dilrlcllsio]]al lllctlolo~,y p)au~,c)  alI out])ut  lwIIII, af[cr  bcill~,  Icflcctcd bj’ t w o
CO IIIN CL IIWS, is IIIadC to iI]tc]fcrc with a bca]n that looks l ike tlw iIil)ut lWaIII as show II i]] l’i~,.  17. J\JIICII tlIe
i]]]mt l)cal II II Iovcs to dit}m,  t}]c dccj  I difltactioIl  ]mttcrl]  II IOWS  Ivit}l  it ])otcl]tially  causilig  lar~)c ])1 Iasc CIIOIS.  ‘I’l Ic
3  dil[)e]lsiollal gy~uf,cwrill  solvcfo]  aTId  clillli]late  tllcsctyl)wof  systcIIlatic  ~) Iol)lcIIIs as w]].

‘J’llc:il)s(]lll tcF,at]p,c  ll;~s]c:lcllccl a cavity  lr]lp,[l)  ]IlcasulclI]ctlt  :ic(L]]:icyof31)Ill  llllsfoI a cavity lc]lp,t]l  of]]mr]y
5 CIII. ‘J’}Ic al)solutc  distallcc  mjwatal)ilitjy  is do\vII  to 2 IIlicro]ls IIIIS fol aoIIc-way  distal~cc  of  liwl~ly  1 ]Ilctcr.  New
d:ita irldicate  dOwl I tc) 1 II13cmlI  )cjwatal)ility  ill ail. ‘J’l Ic calit)]atiori  of  this  ?,aup,c I)y t]ackilip, a clla]l~,illp,  dis:al]cc
aII(l  t}I(, F,atIf,C  o])crati  o]] ill vacu IIIIl  \\’ill  I)c IqIo It,cd  ill t})c sul)scqucf)t  ])a~m.



.

l“ip,m!  1 8 :  ‘J’llcout~lut  tmutl flolll  tll(’ salllcc’orllcl  cube

1  woIIld  lilw  to tllatlk  h4.  SIIao aIId  J .  Yu for II)aIIy fluitful  (Iiscussim)s. 1  WOUIL1 a l s o  like to tllaI)k  1). NIOOIC
fol IIis (Icsigrl  of t}lc  lr)dlaIlical  st7uctuw  of g a u g e  heads. ‘I’l Ic IescaIclI  d(:smibd  w a s  ~mIfOII  IId at t}m J e t
])m])ulsiol)  ],alx)latory,  Ca]ifonlia  ]llstitute  of ‘J’cdIIIologI,y,  uIIdcr  a  co~lt,ract  wit]l t,]lc  Natimlal $ic]o~]allt,ics  aIId
S]m((I A(llt]il]ist]:ltio]l.

7. l{.lI;IIIII;I{lI: NCIII;S

]. ~. ~jiil’sd.  ],asm  ll)ctro]op,y &aup,(!S  fm OS1, i?l }’7occdi71gs  [Jj S1’111~  C071jC7W71CC  07L .~pocf:bo?”)~c ~7Lfc7’/c7  o7/Lcf7’lj,

vol. 19 f7,~).  188-197,1993.

3. >’. [~fiISol.  h~CtIOk)gI,}r  fOI  S})at,id  ill(NfCIOIIICtI~  ]], 2?1  }’7(1CCC(/i719,$  (JJ  SJ’J]J; C071jC7C71Cd  0 7 1  5’~X2(’Cb07’/l[: ]?lt(’7~C7’-

0711 C!7”7J  11, 1/01.  ~di’~> ]). 2?40-258, 1993.

4 .  \Villi[ilr)  11. I’I(ss, Jlriall  1’. l’laIIIIcIy,  Saul A. ‘J’twk(dsky  aIId  \17illialll  ‘J’. \t’ct,tcrli~lp,,  N’LJNfl;l{l(;  Al,  ]{l~(;]}’J;S,
‘J’11(’ A~tof Scic:liti{ic(  ;c)Il)])~lLil)p,,  Sc’ct,ic)l)s  14.3 -14.4,  (~ii711~)l  i(]f,ol ]~li\rc)s  ity]’Jcss,  1986.


